This is a study of the global fluctuations in power injection and light transmission through a liquid crystal just above the onset of electroconvection. The source of the fluctuations is identified as the creation and annihilation of defects. They are spatially uncorrelated and yet temporally correlated. The temporal correlation is seen to persist for extremely long times. There seems to be an especially close relation between defect creation or annihilation in electroconvection and thermal plumes in Rayleigh-Bénard convection. DOI: 10.1103/PhysRevE.68.030101 PACS number͑s͒: 05.40.Ϫa, 61.30.Ϫv, 47.65.ϩa, 47.52.ϩj Recently, the nature of fluctuations of global quantities such as power injection or dissipation in systems held far from equilibrium has become of intense interest ͓1,2͔. Such spatiotemporal fluctuations in physical quantities are often as important as their mean values. This is especially true for systems that are far from the equilibrium. Examples include violent storms, stock market swings, sun spots, volcanic activities, and floods. In this work, we concentrate on global fluctuations in a driven system that is held out of equilibrium by the continuous injection of energy. This energy is ultimately dissipated as heat, and the mean system properties, e.g., its temperature, remain constant in time.
Recently, the nature of fluctuations of global quantities such as power injection or dissipation in systems held far from equilibrium has become of intense interest ͓1,2͔. Such spatiotemporal fluctuations in physical quantities are often as important as their mean values. This is especially true for systems that are far from the equilibrium. Examples include violent storms, stock market swings, sun spots, volcanic activities, and floods. In this work, we concentrate on global fluctuations in a driven system that is held out of equilibrium by the continuous injection of energy. This energy is ultimately dissipated as heat, and the mean system properties, e.g., its temperature, remain constant in time.
It is useful to recall the case in equilibrium systems with macroscopic size, where the standard deviation X of a global variable X, such as energy or entropy, is such that X /Xϳͱ1/N where N represents the system size, because many statistically independent fluctuations are present. Even near a second order phase transition the fluctuations will average out if the sample size is larger than the thermal correlation length. Near thermal equilibrium, the fluctuation dissipation theorem ͑FDT͒ relates X to the system's susceptibility to changes in the intensive variable complementary to X. For strongly driven systems one cannot make such general statements about fluctuations in global quantities. The FDT does not apply, and there is no guarantee that X ӶX. However, when such a system is driven only slightly above its first bifurcation point, only a small number of spatially and temporally coherent modes will be excited and therefore X /X can be large. Thus, one may begin to understand the origin and scaling of the fluctuations in driven, nonequilibrium systems.
We discuss here a robust model system for studying nonequilibrium behavior: electroconvection ͑EC͒ in liquid crystals. We identify the modes responsible for the fluctuations in power injection P as defects ͑dislocations͒ in the convection roll pattern. Since such a system can momentarily store energy, the fluctuations in injected and dissipated power need not be the same. This system permits straightforward, simultaneous, and temporally resolved measurement of both localized spatial structures and global characteristics. The principal bifurcation in EC occurs above a critical driving voltage U c , i.e., at the onset ϵ(U/U c ) 2 Ϫ1ϭ0 where convecting rolls appear. A small increase in U above U c generates dislocations ͑defects͒ that translate across the plane of the liquid crystal ͑LC͒ and have a finite lifetime ͑see Fig. 1͒ leading to a state often called defect turbulence ͓3͔. We have found that defects are spatially uncorrelated. Nevertheless, temporal correlations in P are persistent, indicating an underlying order to this chaotic system and permitting the definition of a sharply defined frequency f *.
The experiments were performed on planarly oriented ͑nematic director parallel to the bounding glass plates͒ LC samples of methoxy benzylidene-butyl aniline ͑MBBA͒, Phase V ͑P5͒ ͓4͔ and Mischung 5 ͑M5͒ ͓5͔. All samples were prepared with appropriate electrical conductivities and the measurements were made under temperature-controlled conditions. The active area A of the samples was varied between AϷ0.01 cm 2 and 1 cm 2 while their thickness d ranged between 16.6Ϯ0.2 m and 52Ϯ1 m, providing aspect ratios sϭͱA/d from 36 to 602. All the measurements presented here have been performed at working frequency f ϭ100 Hz which is in terms of relative frequency f c / f ϳ5 for all M5 samples discussed ( f c is the cutoff frequency-see, e.g., Ref.
͓6͔͒. The details of the experimental setup for the electric power fluctuation measurements have been presented elsewhere ͓7,8͔. We record both P(t) and the optical patterns, and at the same time monitor the transmitted light intensity I(t) integrated over the entire area of the sample. variance; this is not a fit. Figure 3 shows the dependence of the normalized variance in power fluctuations, P /͗P͘ measured in different cells filled with M5 and with various A and d such that s varies by almost a decade. In all cases, as is increased above Ϸ0.2, P /͗ P͘ increases dramatically by as much as an order of magnitude. Simultaneous optical observations reveal that the spontaneous creation and annihilation of defects begins at this same value of . The stationary EC rolls break up into moving segments; cf. Fig. 1 . Measurements in MBBA, not presented here, show that at any given value of and d, P increases as ͱA, which is proportional to the number of defects. This strongly suggests that the fluctuations in injected power arises from spatially incoherent sources. This is confirmed by Fig. 2 ; the central limit theorem predicts the Gaussian distribution for a global measurement having many uncorrelated contributions.
Plotting the data in Fig. 3 in a different way suggests a relation between electroconvection and Rayleigh-Bénard convection ͑RBC͒. Observe that the maximum in P /͗P͘ depends strongly on s. The inset in Fig. 3 is a plot of P /͗ P͘, scaled by s, as a function of . When plotted in this way, all curves collapse for Ͼ0.2. This affirms that s plays an important role here, as it does for velocity and temperature fluctuations in RBC ͑see, e.g., Ref. ͓9͔͒. Similar measurements in MBBA and P5 are found to exhibit the same behavior, suggesting that this is a generic phenomenon in EC. Previous work ͓10͔ showed strong dependence of dislocation dynamics on aspect ratio. Figure 4͑a͒ shows time traces of both P(t) and the integrated transmitted intensity I(t) at ϭ3.0 and at ϭ0.78. Both of these global measures are quasiperiodic with a dominant frequency f * that increases with . The relative phase between the signals is arbitrary. Note that low-frequency quasiperiodic oscillations in I(t) were also detected in Refs. ͓11,12͔ both in local and in global measurements.
The characteristic frequency f * is also seen in the normalized autocorrelation function g a (t)ϭ͗ P(tЈ) P(tЈ ϩt)͘/͗P͘ 2 Ϫ1 ͑average is over tЈ) which is displayed in Fig.  4͑b͒ . These measurements were made in an M5 sample (A ϭ50 mm 2 , dϭ52 m) for different values of . At 
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ϭ0.124, where EC rolls are well developed but there is no defect creation or annihilation, g a (t) does not oscillate but decays within 60 s. When the ''varicose'' ͓13͔ pattern develops in M5 at Ϸ0.2 the motion of the rolls starts with infrequent generation/annihilation of defects, and g a (t) exhibits slow oscillations at frequency f *. With further increase of , f * increases until Ϸ5. Above Ϸ5 the oscillations vanish as their amplitude disappears into the noise and the state of rapid creation and annihilation of defects called dynamic scattering mode 1 ͑DSM1͒ ͓12͔ takes place ͓14͔.
In the range of for which oscillations in g a (t) are seen, they appear to be truly persistent. That is, even for measurement times of many hours, the oscillations persist for the length of the run ͓O(10 4 ) oscillation periods͔. These measurements were at a value of where the sample contained hundreds of defects. It is truly striking that such a large number of spatially uncorrelated defects gives rise to oscillations in g a (t) correlated over such long times. Figure 1 displays a series of photographs made at the indicated times t in the liquid crystal M5. The sample thickness is dϭ52 m. In this relatively thick sample the varicose pattern persists down to ϭ0.2. At this low level of excitation, the number of dislocations is relatively small and the roll motion is slow. At tϭ0 we begin watching a single defect of interest ͑marked with a black circle͒ as it starts to annihilate ͓Fig. 1͑a͔͒; 1 s later the annihilation process is finished ͓Fig. 1͑b͔͒ and a defect is created at the same location about 26 s later ͓Figs. 1͑d͒ and 1͑e͔͒. Note, there is a slight difference in the position of the defects in Figs. 1͑a͒ and 1͑e͒ due to the slow climb motion ͓15͔.
The inset of Fig. 5 shows how f *, obtained from g a (t), depends on for three different aspect ratios. Plotted on the same graph is the inverse of the dislocation lifetimes, as determined by visual inspection, as seen in Fig. 1 . Stunningly, the inverse lifetimes, using no adjusted parameters, are within about 5%, of f *. We submit that this close agreement leaves little doubt that dislocations are the localized excitations responsible for fluctuations in the global injected power. The inset of Fig. 5 also shows that the oscillations in g a (t) start at Ϸ0.2-well above the onset of EC. Optically tracking dislocations is problematic because their number increases and their lifetime decreases with increasing . The frame grabber has limited time resolution, and when they are too close together it becomes difficult to track individual dislocations. Measuring power fluctuations has no such limitation. Thus, having identified 1/f * as the defect lifetimes, we are able to determine this quantity beyond the range where it is possible to do so optically. In Fig.  5 , f * is measured over the whole range of where defect turbulence ͓13͔ occurs.
In EC the continuous generation or annihilation of dislocations ͑defect turbulence͒ is predicted to result from an advection of the roll pattern by the large scale, mean flow, which amplifies small undulations in the director field ͓16͔.
Because the boundary conditions counteract the bending of rolls, the stress is released by straightening the rolls and topological defects are left behind. A number of experimental studies have been devoted to the motion of dislocations and the process of their creation and annihilation ͓13,15,17͔.
Most of those measurements were made at relatively low , where few dislocations are created. In the context of the present work, the most important result of those studies is that two kinds of forces determine the motion of the defects: a large scale pattern-selection force and a short-range interaction force.
The roles played by dislocations in EC and plumes in RBC appear to be substantially similar. RBC plumes exhibit coherent oscillations with a characteristic frequency ͓18͔, and they interact with each other via large scale circulation flow. Most strikingly, the time scales for these two excitations obey the same scaling relations. In RBC, the product of the oscillation frequency and the plate separation collapse, and are proportional to ͱRa where Ra is the Rayleigh number ͓19͔. In conclusion, the standard deviation of the fluctuations of the global injected power has been identified as originating with the onset of the spontaneous generation and annihilation of dislocations in the roll pattern. The magnitude of these fluctuations is readily measurable. Furthermore, these fluctuations exhibit persistent temporal correlations, even in the absence of spatial coherence; there is a surprising degree of temporal order embedded in the state called ''defect chaos.'' The scaling properties of the time scale of this correlation are strikingly similar to those observed during the generation of thermal plumes in Rayleigh-Bénard convection. Lastly, this type of observation, particularly the connection between spatially localized and global measurements, is shown to be a powerful and useful technique for studying the increasingly important field of fluctuations in nonequilibrium systems.
